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PREFACE 
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1.0  INTRODUCTION 

1.1  SEED  PARTICLE  EFFECTS  IN  LASER  VELOCIMETRY 

Because  of  the  small  light-scattering  cross  section  of  gas  molecules,  the  laser  Doppler 
velocimeter  (LDV)  cannot  measure  either  individual  molecular  velocities  or  bulk  gas  velocity 
directly,  but  rather,  it  measures  the  velocity  of  small  light-scattering  (seed)  particles  entrained 
in  the  flowing  gas.  Gas  velocity  information  is  then  inferred  from  the  particle  velocity 
measurements.  Therefore,  the  performance  of  an  LDV  system  is  ultimately  dictated  by  the 
dynamic  response  and  light-scattering  characteristics  of  the  seed  particles.  Obviously,  if  the 
particles  are  too  large,  the  gas  velocity  gradients  cannot  be  closely  tracked.  On  the  other 
hand,  if  the  particles  are  too  small,  too  few  photons  will  be  scattered  for  detection  by  the 
LDV  system.  In  addition  to  seed  particle  size  per  se,  the  seed  particle  size  distribution  is  an 
important  concern  since  the  velocity  sample  broadening  caused  by  a  polydispersed  seed  aerosol 
in  a  velocity  gradient  can  be  confused  with  flow  turbulence  effects. 

1.2  SEED  AEROSOL  GENERATION  AND  PARTICLE  SIZE  MEASUREMENTS 

The  preceding  observations  led  to  the  conclusion  that  the  seed  aerosol  should  ideally  be 
monodispersed  and  sized,  if  possible,  to  satisfy  the  conflicting  dynamic  response  and  detection 
requirements.  The  goal  of  finding  the  ideal  seed  aerosol  has  been  elusive.  Even  the  highly 
regarded  (because  of  its  monodispersity)  polystyrene  latex  (PSL)  spheres  exhibit  several 
undesirable  characteristics  such  as  the  objectionable  (in  some  cases)  levels  of  suspension  liquid 
that  must  be  atomized  and  introduced  into  the  test  flow  along  with  the  particles,  the  low 
melting  point  (~  105°C)  of  the  PSL  material,  and  the  high  cost  (approximately  $100  for  a 
15-mf  vial  of  suspension  liquid  with  3-  to  10-percent  PSL  material  by  weight). 

The  development  of  seed  aerosol  generation  techniques  is  crucially  dependent  upon  the 
availability  of  a  reliable  and  proven  aerosol  particle  sizing  system.  The  importance  of  this 
statement  cannot  be  fully  appreciated  until  one  has  observed  the  discrepancies  that  are 
commonly  seen  when  the  measured  particle  size  distributions  from  two  different  aerosol  particle 
sizing  techniques  are  compared.  Confidence  in  a  particular  particle  sizing  system  is  usually 
developed  by  favorable  comparisons  with  an  accepted  sizing  system  or  by  certification  of 
the  unproven  sizing  system.  Certification  can  be  accomplished  by  comparisons  of  measured 
size  distributions  with  test  aerosols  having  known  size  and  size  distribution  characteristics. 

1.3  ISL/AEDC  AEROSOL  PARTICLE  SIZING  EXPERIMENT 

With  a  mutual  interest  in  developing  expertise  in  aerosol  particle  size  measuring  techniques 
as  a  support  technology  for  aerosol  generator  developments,  personnel  of  the  Arnold 
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Engineering  Development  Center  (AEDC)  and  the  French-German  Research  Institute  at  Saint 
Louis  (ISL),  France,  recently  conducted  a  joint  laboratory  experiment  at  the  AEDC.  An  aerosol 
commonly  used  for  LDV  seeding  purposes,  especially  in  high-temperature  flows,  was  sampled 
simultaneously  by  an  ISL  whisker  particle  capture  (WPC)  device  and  an  AEDC  electrostatic 
aerosol  sampler  (EAS).  The  aerosol  was  generated  by  fluidization  of  aluminum  oxide  (alumina) 
polishing  powder.  This  particular  powder  product  was  selected  since  it  is  rather  widely  used 
for  seeding  purposes  and  because  a  nominal  particle  size  is  specified  by  the  powder 
manufacturer. 

Following  the  aerosol  sampling  operation,  the  WPC  samples  were  returned  to  the  ISL 
for  analysis,  and  the  electrostatically  captured  samples  were  retained  at  the  AEDC  for  analysis. 
Comparisons  of  results  were  to  be  accomplished  at  a  later  date.  Several  weeks  after  the  initial 
experiment,  an  aerosol  particle  sizer  based  upon  laser  light  scattering  was  put  into  operation 
at  the  AEDC  and  used  to  analyze  the  same  nominal  aerosol  as  in  the  initial  experiment.  This 
aerosol  particle  sizer  is  referred  to  as  a  laser  aerosol  spectrometer  (LAS).  The  day-to-day, 
week-to-week,  and  month-to-month  repeatability  of  the  alumina  aerosol  particle  size 
distribution  characteristic  was  found  to  be  very  good  so  that  comparisons  of  WPC,  EAS, 
and  LAS  results  were  considered  valid  even  though  the  LAS  aerosol  samples  were  taken  at 
a  different  time  than  the  WPC  and  EAS  samples. 

Because  of  the  geographic  separation  of  the  ISL  and  AEDC,  the  initial  analyses  proceeded 
independently.  Initial  data  interpretations  at  the  ISL,  as  well  as  at  the  AEDC,  were  complicated 
by  the  presence  of  floes  in  the  particle  samples.*  At  the  ISL,  the  aerosol  generator  was  not 
available  for  further  study,  and  it  was  eventually  assumed  that  the  floes  were  caused  by 
agglomeration  of  prime  particles  during  the  aerosol  sampling  process  and  that,  therefore, 
these  floes  should  analytically  be  broken  down  into  prime  particles  during  the  electron 
microscope  analysis  phase  of  the  WPC  process.  The  ISL  data  reduction  procedures  were 
conducted  according  to  this  premise,  and  this  decision  was  communicated  to  the  personnel 
of  the  AEDC.  At  the  AEDC,  however,  initial  results  obtained  with  the  LAS  indicated  that 
the  floes  were  intrinsic  to  the  alumina  powder  aerosol.  Since  the  aerosol  generator  was  readily 
available  for  further  study,  it  was  decided  that  the  origin  and  nature  of  the  floes  should  be 
determined  conclusively  and  that  methods  to  physically  separate  them  into  prime  particles 
should  be  investigated.  It  was  presumed  that  an  AEDC  particle  size  analysis  of  a  deflocced 


•For  the  purposes  of  this  report,  specific  definitions  for  floes,  aggregates,  and  agglomerates  have  been  adopted.  An  agf-g-i- 
is  defined  as  a  dump  of  prime  particles  rather  firmly  bound  together  such  as  by  thermal  fusion.  An  agglomerate  is  defined 
as  a  clump  of  prime  particles  bound  together  by  surface  forces  such  as  Van  der  Waals  or  liquid  film  bonds.  A  floe  is  defined 
as  a  clump  of  prime  particles,  and/or  aggregates,  and/or  agglomerates  held  together  by  any  one  or  a  combination  of  the  above- 
mentioned  bonding  mechanisms  plus  vatious  other  mechanisms  such  as  mechanical  interlinking  of  chainlike  aggregates. 
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aerosol  could  then  be  directly  compared  with  the  ISL  data.  Moreover,  the  development  of 
effective  defloccing  techniques  was  clearly  of  importance  for  the  development  of  improved 
solid-particle  aerosol  generators. 

The  purpose  of  this  report  is  to  document  the  results  of  the  joint  ISL/AEDC  aerosol 
particle  sizing  study.  The  WPC  and  LAS  systems  are  described,  and  data  from  these  two 
systems  are  presented  and  compared.  Several  schemes  for  defloccing  solid-particle  aerosols 
are  described,  and  the  associated  LAS-derived  particle  size  spectra  are  presented.  The  EAS 
device  in  conjunction  with  an  electron  microscope  was  primarily  used  for  visual  study  of 
floe  characteristics  and  pertinent  photomicrographs  are  presented. 

2.0  APPARATUS 


2.1  AEROSOL  GENERATOR 

The  apparatus  used  at  the  AEDC  to  produce  solid-particle  aerosols  at  low  pressure  ( <  100 
psi)  is  shown  in  Fig.  1 .  This  device  is  referred  to  as  a  mechanically  agitated,  fluidized  bed 
seeder.  Solid  particles  in  powder  form  are  continuously  stirred  by  a  rotating  hollow  tube 
assembly.  Carrier  gas,  usually  air  or  nitrogen,  flows  through  the  tube  assembly  and  jets  into 
the  powder  through  small  holes  to  create  the  solid-particle  aerosol. 

2.2  ELECTROSTATIC  AEROSOL  SAMPLER 

The  model  3100  Electrostatic  Aerosol  Sampler  (EAS)  manufactured  by  TSI,  Inc.  (St.  Paul, 
Minnesota,  USA)  was  used  to  capture  aerosol  particles  for  subsequent  electron  microscope 
analysis.  A  functional  diagram  of  this  device  is  shown  in  Fig.  2.  A  vacuum  pump  in  conjunction 
with  a  flowmeter  and  throttling  valve  draws  the  aerosol  through  the  device  at  a  constant 
flow  rate.  Inside  the  device,  a  corona  discharge  is  established  between  a  fine  tungsten  wire 
and  a  charging  plate.  As  the  aerosol  passes  through  this  charging  section,  the  aerosol  particles 
interact  with  the  positive  ions  in  the  discharge  and  become  positively  charged.  The  charged 
aerosol  then  passes  into  the  collecting  section  where  a  positive  voltage  is  applied  to  the  upper 
plate  of  a  pair  of  precipitation  plates.  The  resultant  electrostatic  field  drives  the  positively 
charged  aerosol  particles  to  the  lower  plate.  An  electron  microscope  sample  disk  (graphite 
disk)  is  placed  upon  the  lower  plate  to  collect  a  sample  of  the  precipitated  particles.  The 
sample  disk  is  then  removed  and  taken  to  the  electron  microscope  for  analysis. 

2.3  LASER  AEROSOL  SPECTROMETER 

A  functional  diagram  of  the  LAS  system  is  shown  in  Fig.  3.  This  system  consists  of  an 
aerosol  sampling  unit  and  a  separate  electronic  control  unit.  The  LAS  system  is  produced 
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by  Particle  Measuring  Systems,  Inc.  (PMS)  of  Boulder,  Colorado,  USA.  At  the  AEDC,  the 
LAS  was  interfaced  to  a  Digital  Equipment  Corporation  (Maynard,  Massachusetts,  USA) 
Model  1 1  /23  microcomputer  system  and  a  Tektronix,  Inc.  (Beaverton,  Oregon,  USA)  Model 
4631  hardcopy  unit  (Ref.  1).  The  essential  features  of  the  LAS  aerosol  sampling  unit  can 
be  described  by  referring  to  Fig.  4.  The  illuminating  light  source  is  a  2-raw  He-Ne  laser  with 
a  beam  diameter  of  about  1.2  mm  at  the  region  where  it  intersects  the  sample  aerosol  stream. 
The  sample  aerosol  stream  is  surrounded  by  and  aerodynamically  focused  by  a  stream  of 
clean  sheath  air.  The  aerosol  stream  and  sheath  airstream  are  both  drawn  through  the  LAS 
by  a  built-in  pump.  The  diameter  of  the  aerosol  stream  is  about  0.2  mm  in  the  region  where 
it  intersects  the  laser  beam. 

The  LAS  operates  on  the  principle  that  the  level  of  light  scattered  by  a  particle  within 
a  laser  optical  cavity  is  a  direct  function  of  the  particle  size.  In  the  LAS,  the  scattered  light 
is  collected  by  a  parabolic  mirror  with  a  collection  solid  angle  of  about  2 r  sr.  The  collected 
light  is  reflected  by  the  parabolic  mirror  and  a  45-deg  diagonal  flat  mirror  to  an  aspheric 
lens  that  focuses  the  light  onto  a  photodiode.  The  photodiode  output  is  amplified  by  a  digitally 
programmed  amplifier  section  operating  at  gain  settings  commensurate  with  the  size  ranges 
selected.  The  output  beam  from  the  laser  drives  a  reference  photodiode,  which  in  turn, 
furnishes  a  threshold  signal  for  a  pulse  height  analyzer.  The  particle  size  information  is  derived 
from  the  pulse  height  analyzer.  The  reference  photodiode  scheme  serves  as  an  automatic  gain 
control  to  compensate  for  laser  power  changes. 

The  LAS  system  operates  over  the  particle  size  range  from  0.09  to  3.0  pm.  This  size  range 
is  covered  by  four,  15-bin  instrument  ranges  of  0.09  to  0.195  pm  (bin  width,  0.007  pm),  0. 15 
to  0.3  pm  (bin  width,  0.01  pm),  0.24  to  0.84  pm  (bin  width,  0.04  pm),  and  0.6  to  3.0  pm 
(bin  width,  0.16  pm).  The  LAS  is  calibrated  by  the  manufacturer  with  PSL  spheres  so  that 
particle  size  measurements,  even  for  irregularly  shaped  particles  or  particles  with  a  complex 
index  of  refraction,  are  in  terms  of  equivalent  PSL  spheres. 

The  DEC  11/23  was  programmed  to  display  the  particle  size  data  in  three  different  formats. 
In  one  format,  high-resolution  histogram  data  from  each  of  the  four  instrument  ranges  are 
displayed.  In  the  second  format,  a  45-bin,  high-resolution  composite  histogram  derived  from 
the  four  instrument  ranges  is  displayed.  In  the  third  format,  a  low-resolution,  “quick-look,” 
18-bin  histogram  covering  the  size  range  from  0.12  to  3.0  pm  is  displayed. 

When  the  LAS  system  was  first  put  into  operation  and  for  some  time  thereafter,  there 
was  some  suspicion  that  unreasonably  high  counts  were  sometimes  being  observed  in  the 
first  several  bins  of  the  smallest  instrument  range  (0.090  to  0.195  pm).  This  same  suspicion 
has  recently  been  expressed  by  Yamada  et  al.  (Ref.  2)  about  the  first  bin  (0.090  to  0.097 
pm)  of  this  same  instrument  range.  This  suspicion  of  improper  operation  is  the  reason  that 
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the  quick-look  histogram  display  was  programmed  to  skip  over  the  0.090-  to  0. 1 1 8-jim  range 
and  to  pick  up  at  0.12  *un.  However,  a  very  recent  test  (See  Section  2.3.2. 1)  showed  that, 
when  properly  adjusted,  the  LAS  system  in  use  at  the  AEDC  did  not  produce  unreasonably 
high  counts  in  the  smallest  size  bins.  The  high  counts  observed  in  these  bins  when  sampling 
a  supposedly  monodispersed  PSL  aerosol  is  now  attributed  to  impurity  residues  from  the 
suspension  liquid.  Hodkinson  (Ref.  3)  has  previously  pointed  out  that  suspension  liquid 
impurities  can  produce  spurious  small  particle  content  in  an  otherwise  monodispersed  PSL 
aerosol. 

2.3.1  LAS  Certification 

Certification  of  the  LAS  system  was  accomplished  by  measurements  on  test  aerosols 
produced  by  atomization  of  PSL  sphere  suspensions.  The  sizes  of  the  PSL  spheres  were 
specified  by  the  manufacturer  to  be  0. 176, 0.312,  0.497, 1 .091,  and  2.02  /*m.  The  certification 
process  using  the  PSL  spheres  was  approached  with  some  caution,  however,  since  several 
investigators  have  noted  discrepancies  between  their  measurements  of  PSL  particle  size  and 
those  specified  by  the  PSL  manufacturer.  For  example.  Heard  et  al.  (Ref.  4)  studied  eight 
nominal  sizes  of  PSL  spheres  over  the  size  range  from  0.109  to  1.099  pm  and  found 
discrepancies  from  6  to  -  10  percent  when  their  sizing  results  were  compared  to  the  PSL 
manufacturer’s  specifications.  In  a  similar  study,  Yamada  et  al.  (Ref.  2)  sampled  aerosols 
derived  from  nine  different  PSL  suspensions  with  nominal  PSL  sphere  sizes  from  0.085  to 
0.330  jim  and  noted  size  discrepancies  from  6  to  - 18  percent. 

It  is  important  to  note  that  one  of  the  PSL  suspensions  used  in  the  AEDC  certification 
test  was  previously  found  by  Porstendorfer  (Ref.  5)  to  differ  by  - 14  percent  from  the 
manufacturer’s  size  specification.  The  PSL  particles  in  question  are  specified  to  be  0.176 
jim,  whereas  Porstendorfer’s  value  is  0.151  jim.  Porstendorfer’s  value  for  this  particular  PSL 
suspension  is  used  by  PMS,  Inc.,  as  part  of  their  calibration  procedure  for  the  LAS  so  that 
when  a  0. 176-jun  PSL  aerosol  is  used,  a  properly  calibrated  LAS  will  read  0.151  pan.  A  PMS, 
Inc.,  Model  PG-100  atomizer  was  used  to  generate  the  certification  aerosols. 

2.3.2  Certification  Results 

Quick-look  histograms  for  the  five  certification  aerosols  are  shown  in  Fig.  5.  Local 
histogram  peaks  are  observed  to  occur  in  the  expected  bin  for  each  aerosol.  However,  these 
particle  size  distributions  cannot  strictly  be  described  as  monodispersed  because  of  the  width 
of  the  local  distribution  around  the  expected  peaks  and  because  of  the  significant  number 
of  counts  in  the  lowest  particle  size  bins.  Moreover,  the  small  particle  counts  are  clearly 
dominant  in  the  1.091-  and  2.02-jun  histograms. 
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High-resolution,  but  limited  range,  histograms  for  the  certification  aerosols  are  shown 
in  Fig.  6.  Noting  that  Porstendorfer’s  value  of  0.  IS  I  applies  to  the  nominal  0.176-^m 
aerosol,  the  histogram  peak  for  this  aerosol,  as  well  as  the  peaks  for  the  0.312-  and  1 .091-pm 
aerosols,  is  found  exactly  in  the  expected  bin,  whereas  the  histogram  peaks  for  the  0.497- 
and  2.02-pm  aerosols  are  only  off  by  one  bin.  The  0.312-,  0.497-,  and  1 .091-^m  spectra  are 
reasonable  local  approximations  of  monodisperse  size  distributions,  whereas  the  0.176-  and 
2.02-fim  spectra  are  rather  broad.  A  conclusive  explanation  for  the  widths  of  these  distributions 
was  not  found  during  this  study.  However,  a  left  skew  of  the  distributions  could  conceivably 
be  caused  by  a  slight  misalignment  of  the  aerosol  sample  stream  and  laser  beam  in  the  LAS 
sampling  head,  even  though  a  reasonable  (but  not  exhaustive)  effort  to  align  the  LAS  was 
made  before  the  measurements  were  attempted.  The  left  skew  characteristics  observed  here 
are  very  similar  to  those  recorded  by  Yamada  et  al.  (Ref.  2)  while  using  an  LAS  instrument 
and  PSL  particles  over  the  same  size  range  as  in  this  study.  Skewness  to  the  right  of  the 
histogram  peaks,  as  in  Figs.  6a  and  e,  is,  at  this  time,  attributed  to  true  particle  size  distribution 
effects  since  no  LAS  error  mechanism  can  be  identified  that  explain  this. 

The  behavior  of  the  small-particle  counts  in  Figs.  5a  through  e  was  studied  further  by 
examining  the  high-resolution  composite  histograms  for  the  five  certification  aerosols.  As 
shown  in  Fig.  7,  there  is  a  very  small  contribution  of  spurious  small  particles  to  the  size 
spectrum  for  the  0.176-^m  PSL  aerosol.  However,  the  small-particle  contributions  become 
more  and  more  prominent  as  PSL  particle  size  increases  and  finally  become  dominant  for 
the  1 .091-  and  2.02-^m  aerosols.  This  effect  is  thought  to  have  been  caused  by  the  fact  that 
the  PSL  spheres  are  supplied,  regardless  of  sphere  size,  at  a  fixed  mass  fraction  with  respect 
to  the  suspension  liquid  and,  consequently,  at  a  fixed  mass  fraction  with  respect  to  impurities 
in  the  suspension  liquid.  For  these  certification  tests,  all  five  PSL  suspensions  were  diluted 
to  roughly  equal  mass  fractions,  which  meant  that  the  number  density  of  the  small  spheres 
was  much  greater  than  that  of  the  larger  spheres.  It  was  found  that  a  short-duration  “puff” 
of  aerosol  into  the  plastic  aerosol  sample  bag  (See  Fig.  3)  was  all  that  was  needed  to  get 
a  sufficient  number  of  small  PSL  spheres  for  analysis  by  the  LAS.  This  short  puff  generated 
a  certain  number  density  of  spurious  impurity  particles  that  were  also  detected  by  the  LAS. 
When  aerosols  containing  the  larger  PSL  spheres  were  sampled,  a  longer  duration  puff  was 
required  to  produce  a  sufficient  number  density  of  PSL  spheres  in  the  sample  bag.  The  volume 
of  the  bag  did  not  vary  with  the  duration  of  the  sample  puff  since  more  or  less  of  the  bone- 
dry  nitrogen  was  expelled.  Therefore,  the  number  density  of  impurity  particles  was  greater 
for  a  long-duration  puff  than  for  a  short-duration  puff.  This  situation  accounts  for  the  large 
percentage  of  spurious  small  particles  in  the  sample  aerosols  of  the  larger  PSL  spheres. 

2.3.2. 1  Certification  by  Differential  Mobility  Analyzer 

Another  highly  regarded  generator  of  monodispersed  aerosols  is  the  differential  mobility 
analyzer  (DMA).  Published  descriptions  of  this  type  of  aerosol  generator  indicated  that. 
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contrary  to  the  experience  with  the  PSL  aerosols,  there  should  be  no  spurious  small-particle 
content  in  the  output  aerosol.  It  was  considered  important  to  conduct  a  test  of  the  LAS  using 
the  DMA  to  determine  whether  or  not  it  was  capable  of  producing  spurious  bin  counts  in 
the  lowest  particle  size  bins. 

A  TSI,  Inc.,  Model  3071  DMA  was,  therefore,  obtained  and  put  into  operation  to  generate 
test  aerosols  for  the  LAS.  A  functional  diagram  for  the  DMA  is  shown  in  Fig.  8.  A 
polydispersed  aerosol  is  pumped  through  the  DMA  at  a  precisely  controlled  volumetric  flow 
rate.  As  this  aerosol  flows  through  the  bipolar  charger,  it  acquires  an  approximately  charge- 
neutral  bipolar  electrical  charge  caused  by  interaction  with  an  ion  cloud  created  by  the 
radioactivity  emitted  by  a  capsule  containing  Krypton-85  (KR-85)  gas.  The  bipolar  charged 
aerosol  cloud  then  enters  the  region  between  concentric  metal  cylinders.  An  electrostatic 
potential  is  established  between  the  cylinders.  This  arrangement  then  subjects  the  charged 
aerosol  particles  to  the  combined  forces  of  aerodynamic  drag  and  electrostatic  attraction. 
An  annular  strip  of  small  holes  is  located  at  the  lower  end  of  the  hollow  center  cylinder. 
At  a  fixed  volumetric  flow  rate  and  certain  electrostatic  potential,  a  small  size  range  of  positively 
charged  particles  follows  a  trajectory  that  carries  them  through  the  holes  in  the  center  cylinder, 
and  from  there  they  flow  to  the  output  of  the  DMA.  The  electrostatic  potential  can  be  varied 
to  select  the  desired  size  for  the  particles  in  the  output  aerosol.  This  size  range  can  be  varied 
from  0.01  to  1.0  pm. 

In  Fig.  9,  the  DMA  was  set  to  produce  a  particle  size  of  0.18  pm,  and  in  Fig.  10,  the 
DMA  controls  were  set  for  a  0.199-pm  aerosol  particle.  Perusal  of  the  tabulated  data  for 
both  histograms  shows  that  absolutely  no  counts  were  noted  in  the  bins  for  the  smallest  particle 
sizes.  This  observation  authenticates  the  performance  of  the  LAS  in  the  small-particle  end 
of  its  range.  Notice,  however,  that  the  LAS  values  for  these  two  aerosols  are  21  percent  smaller 
than  those  values  that  were  set  into  the  DMA  controls.  This  observation  raises  the  question 
of  the  advisability  of  using  Porstendorfer’s  PSL  values  for  calibration  of  the  LAS. 

The  presence  of  multiple-charged  large  particles  is  evident  in  the  histograms  of  Figs.  9 
and  10.  Except  for  these  particles,  the  monodispersity  of  the  DMA  aerosols  is  superior  to 
all  others  yet  studied  at  the  ISL  or  AEDC.  On  the  negative  side  however,  for  LDV  seeding 
purposes,  existing  versions  of  the  DMA  are  characterized  by  very  low  particle-production  rates. 

2.4  WHISKER  PARTICLE  CAPTURE  SYSTEM 

The  LAS  system  is  an  example  of  an  in-situ  aerosol  particle  sizing  scheme  where  the  particles 
are  analyzed  while  remaining  in  an  airborne  state.  A  notable  advantage  of  the  LAS  is  that 
the  particle  size  data  are  available  only  seconds  after  an  aerosol  sample  is  passed  through 
the  instrument.  Two  disadvantages,  however,  are  associated  with  light-scattering  instruments 
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like  the  LAS.  The  first  is  the  fact  that  absorptive  particles  (complex  index  of  refraction)  can 
be  undersized.  Secondly,  all  particles,  even  irregularly  shaped  ones,  are  sized  in  terms  of 
equivalent  PSL  spheres. 

By  comparison,  the  WPC,  as  well  as  the  electrostatic  aerosol  sampler  described  in  Section 
2.2,  is  classified  as  a  particle  collection  device  where  the  particles  are  removed  from  the  aerosol 
and  subsequently  analyzed.  The  removal  techniques  include  filtration,  impaction,  or 
electrostatic  deposition.  The  WPC  technique  is  based  on  particle  deposition  upon  fine-pored 
fibrous  filters,  the  so-called  whisker  collectors,  and  subsequent  electron  microscope 
examination  (Ref.  6).  The  electron  microscope  examination  procedure  is  time  consuming, 
but  as  a  positive  feature,  it  permits  a  determination  not  only  of  particle  size  regardless  of 
in dex-o f-refraction ,  but  also  particle  shape  and  elemental  composition,  the  latter  if  an  X- 
ray  microanalysis  system  is  added  to  the  electron  microscope.  This  brief  comparison  of  the 
major  features  of  the  LAS  and  WPC  schemes  shows  that  they  offer  several  converse  advantages 
and  disadvantages  and  are,  therefore,  more  complementary  than  directly  competitive  for 
aerosol  particle  diagnostics. 

The  whisker  particle  collector  device  used  in  the  present  study  consisted  of  four  collectors 
housed  inside  a  metal  cartridge  (Ref.  6).  Each  collector  was  a  5-mm-diam  bronze  grid  with 
a  fibrous  structure  of  needle-shaped  copper  oxide  crystals  or  “whiskers'*  chemically  grown 
onto  the  grid  wires.  The  clear  area  of  each  grid  was  80  by  80  /tm.  The  four  collectors  were 
arranged  in  series  inside  the  cartridge  with  a  spacing  of  2.5  mm.  The  diameters  of  the  copper 
oxide  whiskers  typically  vary  between  0.05  to  0.2  /an  with  a  mean  value  of  0. 1  /on.  The  number 
density  of  whiskers  is  such  that  effective  filter  pore  sizes  are  formed  that  vary  from  1.5  to 
5  /tm  with  a  typical  value  of  2.5  /mi.  The  WPC  devices  were  supplied  by  Opto-Elektronische 
Instrumente  GmbH,  Karlsruhe,  West  Germany  (recently  merged  with  TSI,  Inc.).  A  vacuum 
pump  is  used  to  pull  aerosol  samples  through  the  WPC  cartridge  with  the  flow  rate  adjusted 
to  produce  as  near  isokinetic  sampling  conditions  as  possible.  An  electron  micrograph  of 
a  whisker  collector  after  particle  sampling  is  shown  in  Fig.  11. 

2.5  AEROSOL  SAMPLING  EXPERIMENT 

The  laboratory  setup  for  the  aerosol  sampling  experiment  is  shown  in  the  diagram  of 
Fig.  12.  Particle-free  gaseous  nitrogen  was  used  with  the  aerosol  generator  shown  in  Fig. 

1  to  produce  the  test  aerosol.  The  aerosol  was  released  into  a  Plexiglas?®  box  with  an  attached 
exhaust  fan.  The  flow  rate  through  the  WPC  was  set  at  3  f/min  by  adjustment  of  a  throttling 
valve.  The  flow  through  the  EAS  was  set  at  5  f/min.  A  sample  time  of  30  to  45  sec  was  used 
for  the  EAS  as  well  as  for  the  WPC. 
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Two  different  alumina  polishing  powders,  produced  by  Union  Carbide  Corporation  of 
Indianapolis,  Indiana,  USA,  were  used  in  the  initial  aerosol  sampling  experiment.  The  first 
powder  to  be  tested  was  the  Type  C  powder  with  a  specified  nominal  “crystal  size”  of  1.0 
pm.  The  second  powder  to  be  tested  was  the  Type  A  powder  with  a  specified  nominal  “crystal 
size”  of  0.3  pm.  It  should  be  emphasized  at  this  point  that  these  powders  were  manufactured 
for  industrial  polishing  purposes  and  were  in  no  way  optimized  for  LDV  seeding  purposes. 
It  was  simply  that  these  two  powders  are  widely  used  for  seeding  high -temperature  flows, 
and  the  manufacturer’s  particle  size  specifications  were  considered  a  good  starting  point  for 
a  comprehensive  particle  size  analysis. 

3.0  TEST  RESULTS 


3.1  EAS  RESULTS 

Figure  13  is  an  electron  micrograph  of  a  particle  sample  acquired  by  the  EAS  from  the 
Type  C  1 .0-pm  alumina  aerosol,  but  particles  and  floes  from  about  0.2  to  about  4  pm  can 
be  seen.  The  exact  nature  of  the  floc-bonding  mechanisms  cannot  be  discerned  from  the 
micrograph,  but  communications  with  the  powder  manufacturer  revealed  that  most  of  the 
floes  were  probably  thermally  fused  aggregates  of  primary  particles  with  a  lesser  number 
of  agglomerates  attributable  to  surface  binding  forces. 

A  particle  sample  captured  by  the  EAS  from  the  Type  A  0.3-pm  alumina  aerosol  is  shown 
in  Fig.  14.  A  high  percentage  of  large  (  >  1.0  jun)  floes  are  seen.  An  attempt  was  made 
to  examine  the  structure  of  the  floes  by  increasing  the  electron  microscope  magnification. 
The  magnification  for  Fig.  14a  is  l,000x,  whereas  that  for  Fig.  14b  is  S,000x,  and  that  for 
Fig.  14c  is  15,0Q0x.  In  Fig.  14c,  the  large  floe  is  presumably  an  aggregate  of  thermally  fused 
primary  particles  with  maximum  dimensions  from  about  0.1  to  about  0.3  #im. 

The  original  plan  for  the  ISL/AEDC  particle  sizing  effort  called  for  particle  size 
distributions  to  be  determined  by  an  AEDC  scanning  electron  microscope  (SEM)  system. 
Two  EAS  samples  were  set  up  for  automatic  particle  size  analysis.  However,  the  analysis 
of  both  samples  was  terminated  before  completion  because  of  the  excessive  amount  of  time 
required.  The  analysis  rate  was  roughly  100  particles/hr,  which  was  much  too  slow  and  costly 
for  the  anticipated  analysis  workload.  At  the  AEDC,  then,  the  SEM  approach  was  abandoned 
in  favor  of  the  LAS  approach. 
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3.2  LAS  RESULTS 

3.2.1  Type  C  l.O-pm  Alumina  Powder 

An  aerosol  derived  from  the  Type  C  powder  was  the  first  to  be  analyzed  with  the  LAS. 
The  quick-look  histogram  for  this  aerosol  is  shown  in  Fig.  15a,  and  the  size  distribution  is 
seen  to  be  decidedly  polydispersed.  The  mode  of  the  distribution  occurs  in  the  size  range 
from  0.44  to  0.6  pm,  whereas,  as  will  be  explained  in  Section  3.4,  the  mean  diameter  was 
calculated  to  be  0.93  fan.  This  calculated  mean  diameter  is  identical,  for  all  practical  purposes, 
to  the  1.0-pm  “crystal  size”  specification  of  the  manufacturer.  In  its  unaltered  form,  this 
aerosol  is  clearly  not  suitable  for  general  LDV  seeding  purposes  because  of  the  high  percentage 
of  large  floes. 

3.2.2  Type  C  1.0-pm  Alumina  with  Silica  Flow  Agent 

Several  investigators  (Refs.  7,  8,  and  9)  have  reported  some  success  in  defloccing  alumina 
aerosols  by  use  of  a  silica  flow  agent,  which  is  typically  blended  with  the  alumina  powder 
as  a  relatively  small  mass  fraction  additive.  A  flame  phase  silica  product,  Cab-0-Sil®,  grade 
EH-5,  produced  by  the  Cabot  Corporation  of  Tuscola,  Illinois,  USA,  was  cited  in  Ref.  8 
as  a  beneficial  additive.  This  particular  silica  product  consists  of  thermally  fused  aggregate 
chains  of  spherical  silica  particles,  which  are  about  0.007  pm  in  diameter.  Surface  hydroxyl 
radicals  formed  during  manufacture  cause  the  flame  phase  silica  to  be  hydrophilic.  This 
particular  property  of  the  flow  agent  accounts  for  its  useful  properties  as  an  additive  for 
reducing  the  tendency  of  certain  foods,  pharmaceuticals,  and  presumably  LDV  seeding 
materials  to  form  agglomerates. 

One  model  proposed  by  the  Cabot  Corporation  (Ref.  10)  has  the  silica  aggregates  adhering 
to  the  surface  of  larger  primary  particles  (e.g.  alumina  particles).  Surface  bonding  forces 
in  this  case  occur  between  the  silica  aggregates  and  the  primary  particles  rather  than  between 
primary  particles.  This  effectively  allows  the  primary  particles  to  exist  in  close  proximity 
without  forming  agglomerates.  This  model  proposes  a  mechanism  for  suppression  of  the 
propensity  to  form  agglomerates,  but  proposes  no  mechanism  for  reduction  of  alumina 
aggregates  into  primary  particles. 

A  mixture  of  the  Type  C  1.0-jim  powder  and  0.5  percent  by  weight  of  the  silica  flow 
agent  was  prepared  at  the  AEDC  and  tested.  The  LAS  size  spectrum  for  the  resultant  aerosol 
is  shown  in  Fig.  15b.  Jt  can  be  seen  that  the  flow  agent  has  helped  very  little;  the  only  noticeable 
effect  is  an  increase  in  the  percentage  of  small  particles. 
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Further  observations  involving  the  silica  flow  agent  showed  that  as  its  mass  fraction  was 
increased  above  the  0. 5-percent  range,  it  actually  seemed  to  promote  macroscopic 
agglomeration  since  a  significant  increase  in  nitrogen  flow  rate  through  the  aerosol  generator 
was  necessary  to  maintain  a  reasonable  particle  number  density  in  the  output  aerosol.  This 
observation  is  consistent  with  the  Cabot  Corporation  (Ref.  10)  descriptions  of  the  silica 
aggregates  forming  hydroxyl-to-hydroxal  radical  bonds  when  present  in  a  mixture  in  sufficient 
quantity.  As  the  silica  mass  fraction  is  increased,  the  hydroxal  bonds  eventually  form  cohesive 
matrices  in  the  mixture  that  tend  to  bond  macroscopic  volumes  of  the  mixture  together. 

The  Cabot  Corporation  literature  suggests  that  low-energy  mixing  techniques  be  employed 
to  blend  the  Cab-O-Sil  with  the  host  powder.  Low-energy  blending  is  necessary  to  maintain 
the  integrity  of  the  chainlike  silica  aggregates.  At  the  AEDC,  the  mixing  process  was 
accomplished  by  tumbling  the  Cab-O-Sil  and  alumina  powder  together  in  a  lapidary  tumbler. 
Since  the  AEDC  experience  with  the  flow  agent  was  not  positive,  questions  arose  as  to  the 
adequacy  of  the  blending  process.  For  this  reason  it  was  decided  that  a  commercially  available 
alumina-powder/silica-flow-agent  product  should  be  purchased  and  tested. 

3.2.3  Proprietary  Alnmina/Silica  Powder 

A  proprietary  mixture  of  nominal  0.7-pm  aluminum-oxide  powder  and  silica  flow  agent 
was  purchased  from  Micro  Abrasives  Corporation  of  Westfield,  Massachusetts,  USA.  The 
LAS  spectrum  for  the  aerosol  derived  from  this  product  is  shown  in  Fig.  15c,  and  it  is  seen 
to  be  virtually  identical  to  the  spectrum  of  Fig.  15a. 

These  observations  showed  that  the  silica  flow  agent  was,  at  best,  marginally  useful  for 
defloccing  the  alumina  polishing  powder.  At  this  point  in  the  study,  it  was  concluded  that 
the  floes  were  predominantly  firmly  bound  aggregates  and  that  other  approaches  should  be 
investigated  for  producing  an  improved  solid-particle  aerosol,  such  as  seeking  powders  with 
a  better  intrinsic  particle  size  characteristic,  the  use  of  energetic  defloccing  techniques,,  the 
use  of  size  classification  techniques  or  some  combination  of  these  approaches. 

3.2.4  Deagglomeration  by  Sonic  Orifice 

Marteney  (Ref.  1 1)  has  described  an  aerosol  dispensing  nozzle  with  near-sonic  conditions 
in  the  nozzle  passage  that  was  shown  to  be  useful  for  breaking  up  agglomerates  in  solid- 
particle  aerosols.  Morrissette  and  Bushnell  (Ref.  12)  have  also  reported  the  use  of  sonic  flow 
in  an  array  of  25-  by  300-fim  slits  in  the  wall  of  a  tube  for  breaking  up  agglomerates  in  solid- 
particle  aerosols. 


15 


AEDC-TR-89-3 


A  simple,  circular,  sonic  orifice  with  a  diameter  of  1.0  mm  was  evaluated  at  the  AEDC 
for  defloccing  aerosols  derived  from  the  Type  C  1 .0-jim  alumina  powder.  The  LAS  spectrum 
is  shown  in  Fig.  15d.  Comparison  of  this  size  spectrum  with  that  of  Fig.  15a  shows  some 
reduction  in  the  percentage  of  large  floes  with  an  attendant  increase  in  the  percentage  of 
small  particles. 

3.2.5  Super  Finish  and  Agglomerate-Free  Alumina  Powders 

The  Super  Finish  (SF)  and  Agglomerate-Free  (AF)  alumina  powders  are  relatively  new 
polishing  powder  products  offered  by  Union  Carbide  Corporation.  Agglomerates  in  these 
two  products  are  supposed  to  be  more  easily  crushed  than  those  in  regular  polishing  powder 
under  the  typical  mechanical  pressures  exerted  during  a  surface  polishing  operation.  Test 
quantities  of  these  powders  were  acquired  for  evaluation  on  the  chance  that  they  might  also 
exhibit  a  lessened  tendency  to  produce  agglomerates  in  their  aerosols. 

The  particle  size  histogram  for  the  1 .0-/*m  AF  alumina  powder  is  shown  in  Fig.  15e,  and 
the  histogram  for  the  same  aerosol  after  deagglomeration  by  the  sonic  orifice  is  shown  in 
Fig.  15f.  The  sonic  orifice  was  only  marginally  effective  in  reducing  the  percentage  of  large 
floes. 

Obviously,  the  AF  alumina  aerosol  is  not  much  better  than  that  derived  from  the  Type 
C  powder  for  LDV  seeding  purposes.  The  1.0-pm  SF  alumina  powder  was  not  tested,  but 
the  0.3-;im  SF  and  AF  powders  were  tested  and  somewhat  unexpected  results  were  observed 
as  described  in  Section  3.2.7. 

3.2.6  Type  A  0.3-/on  Alumina  Powder 

Aerosols  derived  from  the  Union  Carbide  Type  A  0.3-jun  alumina  powder  with  and  without 
the  sonic  orifice  were  analyzed  by  the  LAS.  In  Fig.  16a,  as  might  be  expected,  the  particle 
size  spectrum  for  the  Type  A  aerosol  is  seen  to  have  less  large-particle  content  than  any  of 
the  previously  examined  1.0-pm  alumina  aerosols.  Also,  a  significant  portion  of  the  aerosol 
particle  population  at  the  small-particle  end  of  the  spectrum  is  undoubtedly  not  being  accounted 
for  because  of  the  lower  size-detection  limit  of  the  LAS.  This  suspicion  is  substantiated  by 
the  high -resolution  spectrum  shown  in  Fig.  16b.  The  trend  of  increasing  bin  counts  as  particle 
size  decreases  suggests  that  there  are  probably  significant  numbers  of  particles  in  the  aerosol 
that  are  smaller  than  0.09  jun.  This  is  of  concern  for  LDV  seeding  considerations  since  particles 
smaller  than  the  LDV  system  detection  limit  cannot  contribute  to  the  generation  of  useful 
LDV  signals,  but  can  contribute  to  the  background  noise  level.  It  is  informative  to  note  that 
the  mean  value  of  the  distribution  in  Fig.  16a  is  0.3  pm, which  is  exactly  the  nominal  size 
specification  quoted  by  the  powder  manufacturer. 
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The  sonic  orifice  produces  a  noticeable  decrease  in  the  percentage  of  large  agglomerates 
as  shown  in  Fig.  16c.  At  this  point  in  the  study,  the  remaining  large-particle  content  was 
assumed  to  consist  of  aggregates  of  firmly  bound  primary  particles.  Aggregate  breakup  schemes 
involving  more  energy  than  the  simple  sonic  orifice  approach  were  considered  necessary  if 
further  reduction  in  the  large-particle  content  was  to  be  realized.  Schemes  involving  additive 
flow  agents  were  not  pursued  further  since  aggregate  breakup  appeared  to  be  the  main  problem 
rather  than  suppression  of  agglomerate  formation  in  the  bulk  powder. 

3.2.7  SF  and  AF  0.3-pm  Alumina  Powders 

The  manufacturer’s  literature  indicates  that  the  SF  and  AF  polishing  powder  products 
are  the  result  of  special  milling  and  size  classification  processes  that  reduce  the  aggregates 
to  individual  polishing  crystals.  Intuitively,  it  seems  reasonable  that  these  processes  would 
also  yield  a  superior  powder  from  which  to  generate  an  LDV  seed  aerosol.  However,  this 
was  not  found  to  be  the  case  as  illustrated  by  the  SF  size  spectrum  in  Fig.  16d.  The  mode 
value  of  the  histogram  is  in  the  desirable  size  range  (~0.2  pm)  for  a  seed  aerosol,  but  the 
large-particle  content  is  surprisingly  worse  than  the  Type  A  powder. 

The  AF  0.3-pm  alumina  powder  produces  an  aerosol  with  particle  size  characteristics  similar 
to  that  of  the  SF  powder  as  shown  in  Fig.  16e.  Partial  defloccing  with  the  sonic  orifice  improves 
the  size  spectrum  somewhat  as  shown  in  Fig.  16f,  but  this  aerosol  is  still  inferior  to  the  one 
derived  from  the  Type  A  powder. 

It  is  obvious  that  the  AEDC  goal  of  developing  a  technique  to  thoroughly  defloc  the  0.3- 
and  1 .0-pm  alumina  aerosols  was  not  attained.  As  far  as  the  mutual  ISL/AEDC  goal  of 
developing  an  improved  solid-particle  seeding  technique  for  high -temperature  flows  is 
concerned,  it  seems  advisable  to  search  for  an  aggregate-free  powder  or  to  develop  a  size 
classification  scheme  to  separate  the  desired  range  of  particle  sizes  from  the  polydispersed 
aerosols. 

3.3  WPC  RESULTS 

In  order  to  establish  the  size  distribution  of  the  particle  samples,  photographically  enlarged 
micrographs  of  the  whisker  collectors,  as  shown  in  Figs.  17  and  18,  were  processed  by  a 
semiautomatic  particle  size  analyzer  (Ref.  6).  This  instrument  allows  the  physical  size  of 
captured  particles  to  be  classified  into  48  intervals  on  either  a  linear  or  a  logarithmic  scale. 
The  resultant  size  data  can  be  displayed  in  a  histogram  format  or  as  cumulative  number 
distributions. 

The  total  size  range  covered  by  the  particle  size  analyzer  depends  on  the  final  magnification 
of  the  micrographs;  it  was  chosen  to  be  0.04  to  0.92  pm,  in  the  present  case,  according  to 
a  preliminary  check  of  the  size  distribution. 
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Each  of  the  four  collectors  forming  one  whisker  filter  assembly  has  been  processed 
separately  since  additional  information  on  the  transfer  characteristics  of  the  whisker  filters 
was  expected  from  comparing  the  size  distributions  on  successive  collectors.  The  resultant 
histograms  for  the  Type  C  1 .0-pm  and  the  Type  A  0.3-/*m  alumina  samples  are  shown  in 
Figs.  19  and  20,  respectively.  In  these  figures  as  well  as  in  the  following  ones,  only  the  first 
and  last  collector  of  each  assembly  are  considered  for  the  purpose  of  presentation  clarity. 
As  stated  in  Section  1.3,  the  data  reduction  procedure  at  ISL  was  based  on  the  premise  that 
floes  observed  in  the  micrographs  were  caused  by  agglomeration  of  prime  particles  as  they 
impinged  upon  the  copper  oxide  whiskers.  Based  on  this  premise,  then,  the  recognizable  prime 
particles  in  a  magnified  floe  image  were  visually  identified  and  counted  as  so  many  prime 
particles  with  certain  sizes  rather  than  as  one  large  floe  particle. 

For  the  0.3-pm  alumina  powder,  only  little  change  is  observed  between  the  size  distributions 
on  the  different  collectors,  whereas  in  the  case  of  the  1 .0-pm  alumina  powder  the  distribution 
on  the  last  collector  is  clearly  shifted  towards  smaller  particle  diameters.  A  size  shift  as  in 
the  latter  case  is  predicted  from  the  theory  of  aerosol  filtration  by  fibrous  filters  (Ref.  13) 
and  has  already  been  found  in  comparable  situations  where  direct  interception  is  the 
predominant  mechanism  of  collection  (Ref.  6). 

The  measurement  results  can  be  expressed  in  a  more  quantitative  way  if  the  empirical 
size  distribution  is  represented  by  an  analytical  function.  As  demonstrated  in  Fig.  21,  successful 
modeling  of  the  experimental  data  may  be  done  using  a  log-normal  distribution.  In  the  case 
of  log-normally  distributed  particle  sizes,  the  probability  density  function,  p,  of  the  particle 
diameter,  D,  is  determined  by  two  characteristic  constants,  the  median,  c,  and  the  geometric 
standard  deviation,  s,  according  to  the  relation 

_/™  1  f  1  /in  D  —  In  c\2l 

P<D)  =  D  *  In  s  "P  [~t|  in  s'  )  J  (1> 

The  mode  m  and  the  mean  diameter  D  of  the  log-normal  distribution  can  also  be  expressed 
in  terms  of  the  parameters  c  and  s, 

m  =  c  •  exp[-  (In  s  J2]  (2) 

D  =  c  •  exp  _L  (in  s)2  {3) 

<b 

To  verify  whether  an  empirical  distribution  is  log-normal,  it  is  convenient  to  plot  the  cumulative 
percentage  distribution  on  log-probability  paper.  If  a  straight  line  is  obtained,  the  distribution 
can  be  considered  as  log-normal.  Another  useful  property  of  the  log-probability  plot  is  that 
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it  allows  the  parameters  c  and  s  (See  Fig.  21)  to  be  determined  graphically  (Ref.  14).  The 
log-probability  plots  for  the  Type  C  1.0-/un  and  the  Type  A  0.3-/tm  alumina  powder  samples 
together  with  the  results  of  curve  fitting  are  shown  in  Figs.  22  and  Fig.  23,  respectively. 

Knowing  the  particle  size  distribution  on  successive  stages  of  a  whisker  collector  assembly, 
one  is  able  to  determine  the  collection  efficiency  of  the  filters  as  a  function  of  particle  diameter. 
As  has  been  found  earlier  (Ref.  6),  the  efficiency  of  whisker  collectors  for  particles  in  the 
submicron  range  can  be  approximated  by  an  exponential  function  of  the  type  ij  =  1 
-  exp(  -  a  •  D),  where  D  is  the  particle  diameter,  and  a  is  the  coefficient  of  absorption 
that  is  only  dependent  upon  collector  properties.  The  values  resulting  from  the  present  analysis 
are  a  s  0.5//im  in  the  case  of  the  0.3-jtm  alumina  sample,  and  a  =  2.7/pm  in  the  case  of 
the  1 .0-fim  alumina  sample.  The  coefficient  of  absorption  inferred  from  the  0.3-pm  sample 
is  considerably  smaller  than  can  be  explained  by  the  theory  of  filtration.  This  may  have  been 
caused  by  an  inadequate  capability  to  visually  study  the  micrographs  and  thereby  detect  and 
account  for  the  very  small  (~0.1  pm)  constituents  of  the  floes.  The  empirical  collection 
efficiency  derived  from  the  whisker  collector  analysis  can  be  used  in  a  data  reduction  algorithm 
for  the  inversion  of  the  measurement  results  (Ref.  6)  to  obtain  the  original  size  distribution 
of  the  aerosol  (Figs.  24  and  25). 

3.4  COMPARISON  OF  WPC  AND  LAS  RESULTS 

It  is  now  clear  that  the  predominant  percentage  of  floes  observed  at  the  ISL  and  AEDC 
were  originally  present  in  the  aerosol  rather  than  being  formed  during  the  aerosol  sampling 
process.  This  is  not  to  say  that  agglomeration  did  not  occur  in  the  WPC  since  agglomeration 
definitely  will  occur  if  a  large  enough  number  of  aerosol  particles  are  drawn  through  the 
WPC.  The  point  to  be  made  is  that  the  WPC  analysis  scheme  cannot  differentiate  between 
floes  originally  existing  in  the  aerosol  and  agglomerates  formed  during  the  aerosol  sampling 
process.  The  LAS,  on  the  other  hand,  can  directly  detect  large  and  small  aerosol  particles 
on-line  and  in-situ,  but  cannot  differentiate  large  primary  particles  from  similarly  sized  floes. 

This  set  of  circumstances  precluded  a  direct  comparison  of  particle  size  spectra  from  the 
two  systems  in  order  to  certify  one  system  with  respect  to  the  other.  However,  useful 
information  can  still  be  gained  by  comparing  the  particle  size  information  from  the  WPC, 
the  LAS,  and  the  powder  manufacturer. 

Because  of  the  two  different  ways  of  treating  floes,  it  is  expected  that  an  LAS  histogram 
will  be  skewed  to  the  large-particle  end  of  the  size  spectrum  with  respect  to  a  WPC  histogram 
anytime  that  aerosol  floes  are  encountered.  This  effect  can  clearly  be  seen  by  a  cursory 
comparison  of  Figs.  15a  and  19,  whereas  the  effect  is  not  quite  so  obvious  when  Fig.  16a 
is  compared  with  Fig.  20. 
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A  more  detailed  comparison  of  the  WPC  and  LAS  results,  however,  can  only  be  carried 
out  on  the  basis  of  the  probability  density  functions  instead  of  on  the  basis  of  histograms. 
Moreover,  the  final  (i.e.  the  inverted)  WPC  size  distribution  should  be  used  for  comparison 
with  the  LAS  results  since  it  has  been  corrected  for  the  nonuniform  collection  efficiency  of 
the  whisker  collectors. 

Continuing  the  comparison  process,  a  log-normal  function  was  fitted  to  both  the  WPC 
and  LAS  data  for  the  Type  C  and  Type  A  alumina  powder  aerosols  as  shown  in  Figs.  24 
and  25.  The  associated  size  statistics  are  provided  in  Table  I.  It  can  be  seen  that  the  mean 
particle  diameters  as  determined  by  the  LAS  for  the  0.3-pm  alumina  aerosol  (LAS  mean, 
0.40  ^im)  and  the  1.0-/im  alumina  aerosol  (LAS  mean,  0.88  Aim)  are  in  good  agreement  with 
the  powder  manufacturer’s  nominal  particle  size  specifications.  However,  it  is  somewhat 
disconcerting  to  view  this  agreement  in  light  of  the  fact  that  both  the  0.3-Aim  and  1.0-Aim 
alumina  aerosols  undoubtedly  contain  significant  numbers  of  particles  below  the  small-particle 
detection  limit  of  the  LAS  (See  Section  3.2.6).  If  these  very  small  ( <  0.09  Aim)  particles  could 
be  detected  and  taken  into  account,  the  mean  particle  size  for  both  aerosols  would  surely 
shift  toward  smaller  values.  With  regard  to  the  good  agreement  then,  it  seems  that  the  LAS 
and  the  powder  manufacturer’s  particle  sizing  instrument  must  have  had  similar  small-particle 
detection  limits.  At  the  time  of  this  study,  a  detailed  description  of  the  technique  used  to 
determine  the  crystal  size  (nominal  particle  size)  for  the  two  alumina  powders  was  not  available 
from  the  powder  manufacturer. 

For  the  0.3-/im  aerosol  as  well  as  for  the  LO-jim  aerosol,  the  width  of  the  WPC  size 
distribution  is  considerably  smaller  than  the  width  derived  from  the  LAS  measurements  (s 
—  1.30  compared  to  2.2,  and  s  =  1.28  compared  to  1.9,  respectively).  Consequently,  the 
mode,  median,  and  mean  diameter  resulting  from  the  WPC  data  are  nearly  equal  quantities, 
whereas  the  respective  values  differ  clearly  in  the  case  of  the  LAS  results.  This  might  be  expected 
because  of  the  different  way  of  treating  floes,  which,  in  the  WPC  scheme,  were  not  sized 
as  individuals,  but  rather  were  dissected  analytically  into  primary  particles.  Nevertheless, 
the  mode  values  of  the  WPC  and  LAS  distribution  are  in  excellent  agreement  for  the  1.0-/tm 
aerosol.  In  the  case  of  the  0.3-Aim  powder  aerosol,  however,  the  mode  value  derived  from 
the  WPC  measurements  is  nearly  twice  as  large  as  that  resulting  from  the  LAS  data.  This 
can  only  be  explained  by  an  insufficient  dissection  of  agglomerates  when  analyzing  the  WPC 
micrographs. 

4.0  OBSERVATIONS,  SUMMARY  OF  RESULTS,  AND  CONCLUSIONS 

As  a  result  of  the  joint  ISL/AEDC  aerosol  particle  sizing  experiment,  the  WPC  and  LAS 
techniques  were  found  to  be  more  complementary  than  directly  competitive.  For  example, 
the  WPC  could  not  distinguish  between  floes  originally  present  in  the  test  aerosol  and  those 
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formed  during  the  aerosol  particle  capture  process.  By  comparison,  the  LAS  could  resolve 
the  floe  origination  question  but  could  not  distinguish  between  large  primary  particles  and 
similarly  sized  floes  composed  of  smaller  primary  particles.  Further,  the  WPC  is  capable 
inherently  of  providing  particle  shape  information,  whereas  the  LAS  sizes  all  primary  particles 
and  floes  in  terms  of  equivalent  PSL  spheres.  Moreover,  elemental  composition  of  the  aerosol 
particles  can  be  determined  by  an  X-ray  unit  attached  to  the  basic  WPC  system,  whereas 
no  such  information  is  available  with  the  LAS. 

The  aerosol  particle  size  information  from  the  LAS  is  electronically  processed,  and  the 
data  are  available  on-line  within  several  minutes  after  the  aerosol  is  sampled.  By  contrast, 
the  WPC  particle  size  data  are  produced  off-line  after  several  hours  of  electron  microscope 
analysis.  The  WPC  is  particularly  well  suited  for  conveniently  capturing  field  samples  of 
an  aerosol  and  then  performing  the  particle  size  analysis  in  the  laboratory  at  a  later  time. 
This  is  because  the  entire  WPC  particle-capture  mechanism  can  be  simply  and  easily  carried 
and  operated  by  one  person.  Also,  once  the  aerosol  particles  are  captured,  their  particle  size 
distribution  does  not  change  with  time. 

The  LAS  system,  on  the  other  hand,  is  a  laboratory  instrument  weighing  about  100  kg. 
Furthermore,  the  LAS  aerosol  samples,  unlike  the  captured  WPC  samples,  must  be  processed 
immediately  since  the  aerosol  particle  size  distribution  characteristic  changes  with  time  because 
of  sedimentation  and  diffusion  losses  to  the  inside  surface  of  the  plastic  aerosol  sample  bag 
(See  Fig.  3). 

The  accuracy  of  the  LAS  was  certified  by  comparing  its  measurements  with  aerosols 
containing  known  sizes  of  PSL  spheres.  A  DMA  device  was  used  to  double-check  the 
performance  of  the  LAS  in  the  size  range  below  0.3  /un.  The  LAS  was  found  to  perform 
in  a  reasonable  fashion  in  this  size  range.  Measurements  by  the  certified  LAS  were  then 
compared  to  measurements  by  the  WPC,  and  it  was  found  that  the  premise  for  analyzing 
the  WPC  micrographs  was  not  properly  chosen  for  aerosol  particles  in  the  size  range  below 
0.3  fim.  Also,  the  misinterpretation  of  floes  in  the  WPC  samples  was  found  to  be  responsible 
for  an  underestimation  of  the  large-particle  content  of  an  aerosol  containing  floes. 

Two  different  aerosols  derived  from  alumina  powders  with  manufacturer’s  nominal  size 
(“crystal  size”)  specifications  of  0.3  and  1.0  /tm  were  used  as  test  aerosols  for  the  WPC  and 
LAS.  Both  these  aerosols  were  found  to  be  polydispersed,  and  each  included  a  range  of  primary 
particle  sizes  from  below  the  lower  limit  of  the  LAS  (0.09  /un)  up  to  the  vicinity  of  the 
manufacturer’s  specified  nominal  size.  An  appreciable  percentage  of  floes  larger  than  the 
nominal  size  was  also  observed  in  each  aerosol.  The  predominant  percentage  of  these  floes 
was  thought  to  be  thermally  fused  aggregates  of  primary  particles.  Because  the  floes  were 
aggregates  or  at  least  very  firmly  bound  agglomerates,  the  use  of  a  silica  flow  agent  was, 
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at  best,  marginally  useful  in  reducing  the  percentage  of  floes  in  the  two  aerosols.  For  the 
same  reasons,  the  use  of  the  sonic  orifice  approach  for  deagglomeration  of  the  alumina  aerosols 
was  only  marginally  effective  in  reducing  the  percentage  of  aerosol  floes. 

Two  relatively  new  alumina  polishing  powder  products,  the  SF  and  AF  line  of  powders, 
were  evaluated  as  possible  source  material  for  a  suitable  seed  particle  aerosol.  These  powders 
are  specially  milled  during  manufacture  to  break  up  aggregates.  It  was  assumed  that  a  reduced 
aggregate  content  would  result  in  improved  aerosol  particle  size  characteristics  compared 
to  the  ordinary  type  of  polishing  powder.  Surprisingly,  however,  the  SF  and  AF  aerosols 
actually  contained  a  higher  percentage  of  large  fiocs  than  aerosols  derived  from  the  ordinary 
powder.  A  DMA  device  was  used  during  the  certification  procedure  for  the  LAS.  This  type 
of  aerosol  generator  was  found  to  produce  a  very  narrow  particle  size  distribution  and  would 
be  a  useful  seed  aerosol  generator  except  for  its  low  particle-production  rate. 
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Gearmotor 


Figure  1.  Mechanically  agitated,  fluidized  bed  seeder. 


25 


-Charging  Section 


Charging  Power 


- 1 

0  •V/-V/--  1,600  V 


Path  of  a  Typical 
Particle  as  It 
Becomes  Charged 
and  Later  Collected 


Sampl ing 
Entrance 


- t 


X 


Corona 


-Collecting  Section 
—  +  4,200  V 


-CLO - o 

-b 


7  lnnnmnnnmu 


Precipitating 

Power 


EZZZZZZZt 


yninnninnnnnninnnli}v?nni/>i//i^^ 


r^/in/nni^TL 


_L 


— To  Vacuum  Pump 


Electron  Microscope 
Sample  Plate 


Corona  Power 


- 1 - 1 

-  +  3,500  V 

- 0 

— f— 


Charger 

Monitor 

(Ammeter) 


Figure  2.  Electrostatic  aerosol  sampler  (EAS). 


N> 


Figure  3.  User  aerosol  spectrometer  (LAS)  system. 


AEDC-Tfl-89-3 


Figure  4.  Laser  optics  for  the  LAS. 
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Figure  6.  Hlgh-resolution  histograms  for  the  five  certification  aerosols. 
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Figure  6.  Continued. 
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Figure  6.  Concluded. 
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f.  0.497-pm  PSL  spheres,  concluded 
Figure  7.  Continued. 
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h.  1.091 -/an  PSL  spheres,  concluded 
Figure  7.  Continued. 
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1.  2.02-pm  PSL  spheres 
Figure  7.  Continued. 
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j.  2.02-pm  PSL  spheres,  concluded 
Figure  7.  Concluded. 
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Total  Particle  Count,  608 


a.  Part  1 

Figure  9.  Nominal  0.18-pm  particles  produced  by  the  DMA. 
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Figure  9.  Concluded. 
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Figure  10.  Cooduded. 
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Figure  11.  Electron  micrograph  of  a  whisker  particle  collector  after  particle  sampling. 
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Figure  12.  Schematic  diagram  of  the  setup  for  aerosol  sampling 
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Figure  13.  Electron  micrograph  of  Type  C  1.0-^m  alumina  particles  captured  by  the  EAS 
(magnification,  4,000x). 
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a.  Magnification,  l,000x 


2.0  um 


b.  Magnification,  5,000x 

Figure  14.  Electron  micrographs  of  Type  A  0.3-^m  alumina  particles  captured  by  the  EAS. 


57 


c.  Magnification,  15,000x 
Figure  14.  Concluded. 
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Total  Particle  Count,  156,529 


c.  Proprietary  mixture  of  0.7-^tm  polishing  powder  and  riHra  flow  agent 

Figure  IS.  Continued. 
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Total  Particle  Count,  80,487 
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e.  Type  AF  1.0-pm  polishing  powder 
Figure  15.  Continued. 
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Particle  Diameter,  pm 


a.  Type  A  polishing  powder 

Figure  16.  Particle  size  distributions  for  various  alumina  powder  aerosols  with  a  nominal 
size  specification  of  0.3  urn. 
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b.  Type  A  polishing  powder,  high-resolution  histogram 
Figure  16.  Continued. 
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Total  Particle  Count,  49,715 
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Particle  Diameter,  ym 

f.  Type  AF  polishing  powder  aerosol  through  a  sonic  orifice 
Figure  16.  Concluded. 
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Magnification,  20,000x 


Figure  17.  Electron  micrograph  of  the  Type  A  0.3-/«m  alumina 
particles  collected  by  the  WPC. 
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Magnification,  20,000x 


Figure  18.  Electron  micrograph  of  the  Type  C  1  .()-/<  m  alumina 
particles  collected  by  the  WPC. 
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Figure  19.  Particle  size  distribution  on  the  first  and  fourth  collector  after  sampling  the 
Type  C  1.0-/im  alumina  powder  aerosol. 
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Figure  20.  Particle  size  distribution  on  the  first  and  fourth  collector  after  sampling  the 
Type  A  0.3-um  alumina  powder  aerosol. 


Particle  Diameter,  um 

Figure  21.  Log-normal  distribution  function  fitted  to  the  WPC  particle  size  distribution  for 
the  Type  A  0.3-jim  alumina  powder  aerosol. 


Figure  22.  Cumulative  percentage  distribution  plotted  on  log-probability  paper  for  the 
Type  C  1.0-^m  alumina  powder  aerosol. 
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Figure  23.  Cumulative  percentage  distribution  plotted  on  log-probability  paper  for  the 
Type  A  0.3-pm  alumina  powder  aerosol. 
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0  12  3 

Particle  Diameter,  um 

Figure  24.  Log-nonnal  functions  fitted  to  the  LAS  and  WPC  histograms  for  the 
Type  C  1.0-/nn  alumina  powder  aerosol. 


Figure  25.  Log-normal  functions  fitted  to  the  LAS  and  WPC  histograms  for  the 
Type  A  0.3-^m  alumina  powder  aerosol. 
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Table  1.  Size  Distribution  Parameters  Derived  from  Laser  Aerosol  Spectrometer  (LAS)  and  Whisker 
Particle  Collector  (WPC)  Methods 


Material 

Method 

Mode, 

m/fim 

Median 

c/fim 

Mean  Diameter, 
D/fan 

Geametry  Standard 
Deviation,  s 

0.3-^m  AI2O3 

LAS 

0.18 

0.25 

0.30 

1.80 

WPC 

0.29 

0.31 

0.32 

1.30 

1-jom  AJ2O3 

LAS 

0.50 

0.75 

0.93 

1.90 

WPC 

0.45 

0.48 

0.49 

1.28 

E-6B-Ui-Oa3V 
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NOMENCLATURE 
DMA  Differential  mobility  analyzer 

EAS  Electrostatic  aerosol  sampler 

KR-85  Radioactive  isotope  of  Krypton  gas 
LAS  Laser  aerosol  spectrometer 

PSL  Polystyrene  latex 

SEM  Scanning  electron  microscope 

WPC  Whisker  particle  capture  system 

c  Median  particle  size 

D  Mean  particle  diameter 

D  Particle  diameter 

H(D)  Histogram  function 

m  Mode  value 

P(D)  Cumulative  percentage  distribution  function 

p(D)  Probability  density  function 

s  Geometric  standard  deviation 

a  Coefficient  of  absorption 

T j  Efficiency  of  whisker  collector 
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